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Rat liver S-adenosylmethionine (AdoMet) synthetase 
appears as high", (tetramer) and low-M, (dimer) 
forms. Both are inhibited in the presence of GSSG at 
p H  8. The calculated Ki values  are 2.14 and 4.03 mM 
for the  high- and low", forms, respectively. No effect 
on enzyme activity was observed in the presence of 
GSH, but modulation of inhibition by GSSG can be 
obtained by addition of GSH. At a total glutathione 
concentration (GSH + GSSG) of 10 mM, a KO, of 1.74 
was calculated for the high", form, whereas  this con- 
stant  was 2.85 for the low", AdoMet synthetase. No 
incorporation of [35S]GSSG was observed in either of 
the enzyme forms, and inhibition of enzyme activity 
was correlated with dissociation of both AdoMet syn- 
thetases  to a monomer. The data obtained in the pres- 
ence of GSSG seem to suggest that oxidation leads to 
the formation of an intrasubunit disulfide. The possible 
regulation of AdoMet synthetase  activity by the GSH/ 
GSSG ratio is discussed, as well as its in  vivo signifi- 
cance. 
GSH, a tripeptide containing glycine, glutamic acid, and 
cysteine (1-3), is known as  the  most  important cellular thiol. 
Its  synthesis is catalyzed by the consecutive activities of y- 
glutamylcysteine synthetase  and  glutathione  synthetase. 
Among other  functions,  glutathione  participates  in reductive 
processes that  are  essential for the  synthesis  and  degradation 
of proteins  and  in  the  protection of the cells against reactive 
oxygen compounds and free radicals. It can also act as a 
coenzyme for several enzymatic  reactions  and is considered 
to be a storage  and  transport  form of cysteine (4). 
A decrease  in  the  glutathione levels after 72 h of hepatocyte 
primary  culture  has been demonstrated.  The recovery of the 
normal levels of this  thiol  and  its  stabilization  can be obtained 
by addition of methionine ( 5 ) .  The  link between methionine 
metabolism  and  glutathione  synthesis  is  established  through 
cysteine. This  amino acid can be obtained  from  the  diet, or it 
can be synthesized from methionine  through  the  transsulfur- 
ation pathway in the liver, where homocysteine occupies a 
branch  point (6, 7). The  first  reaction  in  the  methionine cycle 
involves the use of methionine and ATP to synthesize S- 
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adenosylmethionine (AdoMet)' in a reaction catalyzed by 
AdoMet synthetase (8). N-Ethylmaleimide modification stud- 
ies of the  rat liver  enzyme have revealed the presence of two 
sulfhydryl  groups that  are  important for its  activity  in  its wo 
oligomeric forms (Mr 200,000 and 110,000). This modification 
leads to  the dissociation of the high", form (200,000) to  the 
low-M, form (110,000), whereas no  variation  in  the low-M, 
AdoMet synthetase was observed (9). One of these modified 
sulfhydryl  groups, localized at cysteine 150, seems to be re- 
sponsible for an 80% loss of activity in  both AdoMet synthe- 
tase forms after N-ethylmaleimide treatment (10). Further 
studies have  shown that  intraperitoneal injection of buthion- 
ine sulfoximine (an  inhibitor of y-glutamylcysteine synthe- 
tase)  into  normal  rats leads, in 2 h, to a  30%  reduction in  the 
liver GSH levels, an effect that  correlates  with a 60% inhibi- 
tion of AdoMet synthetase activity  (11). These  data suggested 
to us a possible role for glutathione in regulating AdoMet 
synthetase activity by protecting  the sulfhydryl  groups of this 
enzyme. The influence of GSH  and  other  thiols  in  the activity 
of many enzymes has been  reported.  Activation or inactiva- 
tion of enzymes such as glycogen phosphorylase phosphatase 
(12), glycogen synthetase  (13), phosphofructokinase (14), 
fructose-1,6-bisphosphatase (15), 3-hydroxy-3-methylglu- 
taryl-coenzyme  A  reductase (16),  and  mammalian I,(A) chan- 
nels (17) has made  several authors suggest  a possible signifi- 
cant regulatory  mechanism  involving the redox system pro- 
vided by GSH  and  GSSG (4). Therefore,  the  aim of this work 
was to  study  the regulation of AdoMet synthetases by gluta- 
thione  and  glutathione redox  buffers. 
EXPERIMENTAL  PROCEDURES 
Materials 
Male Wistar  rats (150 g) were from our own inbred colony. Glu- 
tathione reduced and oxidized forms, cysteine, phenylmethylsulfonyl 
fluoride, soybean trypsin  inhibitor, benzamidine, methionine,  aden- 
osine 5'-triphosphate, dithiothreitol, o-phthaldialdehyde, and  the mo- 
lecular weight standards for gel filtration  chromatography were prod- 
ucts from Sigma. DEAE-Sephacel, phenyl-Sepharose CL-4B, blue 
Sepharose CL-GB, Sephacryl S-300, thiopropyl-Sepharose 6B, and 
OptiPhase  HiSafe  3  scintillation fluid were obtained from Pharmacia 
LKB Biotechnology Inc. Bio-Gel HTP, cation exchanger AG 50W- 
X4, a  protein assay kit,  and  the electrophoresis reagents were pur- 
chased from Bio-Rad. YM-30 ultrafiltration membranes were ob- 
tained from Amicon Corp., and  the  HPLC reverse-phase CM column 
was purchased from Beckman. [2-3H]Adenosine  5"triphosphate am- 
monium salt (25 Ci/mmol) was a  product from Amersham Corp. [35S] 
Glutathione (30 Ci/mmol) was purchased from Du Pont-New Eng- 
land Nuclear. The rest of the buffers and reagents were the best 
quality commercially available. 
The abbreviations used are: AdoMet, S-adenosylmethionine; 
HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic a id; HPLC, 
high pressure liquid chromatography;  SDS, sodium dodecyl sulfate. 
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Methods 
AdoMet Synthetase Purification-High- and low", AdoMet syn- 
thetase forms were purified as described by Cabrero et al. (18), with 
the following modifications. The high", form was subjected to blue 
Sepharose CL-GB chromatography after  its elution from a Bio-Gel 
HTP column. The sample was loaded on a blue Sepharose CL-GB 
column (16 X 1.5 cm)  equilibrated in 10 mM NaHEPES  (pH 7.5), 10 
mM MgSO,, and 1 mM EDTA (buffer A), followed by a 30-ml washing 
step with the equilibration buffer including 0.1% @-mercaptoethanol, 
1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, and 10 
pg/ml soybean trypsin inhibitor.  Chromatography was performed at 
30 ml/h, and all the eluent was collected. The active pool  was 
concentrated by ultrafiltration using a YM-30 membrane for further 
loading on a  Sephacryl $300 column (96 X 2.5 cm). The gel filtration 
column was equilibrated in buffer A containing 50 mM KC1. The 
elution was carried out with this same buffer in the presence of 
protease inhibitors at  a flow rate of 35 ml/h,  and 5-ml fractions were 
collected. No reducing agent was present during this step. The 
AdoMet synthetase activity was measured as described by Cabrero et 
al. (18) using 160-pl fraction  samples and 90 pl of a  reaction  mixture 
containing 5 mM methionine and 5 mM [2-3H]ATP (1 Ci/mol) in a 
final volume of  250 pl. The assay was carried  out for 30 min at  37 "C. 
The active  fractions were pooled and used either for another  chro- 
matography or for kinetic  experiments (Table I). 
Low", AdoMet synthetase was obtained as described (18), except 
that no reducing agent was included in the  last gel filtration step on 
a  Sephacryl s-300 column (96 X 2.5 cm). The activity was measured, 
and  the active fractions were pooled to be used in experiments as 
described for the high", form. 
With  this procedure, specific activities of 3.57 and 0.32 nmol/min/ 
mg for the high- and low", forms, respectively, were obtained when 
using the same  reaction  mixture as  that of Cabrero et al. (18). These 
values are similar to  those reported by these authors (see  Table I). 
Thiopropyl-Sepharose 6B Chromatography-Both AdoMet synthe- 
tase forms were later subjected to chromatography on thiopropyl- 
Sepharose  6B  columns  (17 X 1.5 cm)  equilibrated  in 10 mM 
NaHEPES  (pH 8), 10 mM MgSO,, 1 mM EDTA, and 50 mM KCl. 
The AdoMet synthetase forms were loaded at a flow rate of 30 ml/h, 
and 3-ml fractions were collected. The columns were then washed 
with 75  ml of the equilibration buffer including  protease  inhibitors. 
The elution was carried out with a 200-ml gradient from 0 to 200 mM 
GSH  in  the equilibration buffer including  protease  inhibitors. Active 
peaks of both  forms were obtained at  -40 mM GSH.  Attempts using 
other reducing agents,  such as cysteine,  dithiothreitol, or @-mercap- 
toethanol, for elution were made. Only in the presence of cysteine or 
GSH were we able to elute active AdoMet synthetase,  and  the best 
recoveries were obtained using GSH (72.52% of the total high", 
activity and 60.57% of the low", activity  loaded). AdoMet synthe- 
tase activity was assayed in both cases, and  the active  fractions were 
pooled for each form. 
Again, the specific activity data for this step under our assay 
conditions are higher than when using the conditions of Cabrero et 
al. (18), which gave specific activities of  5.32 and 0.58 nmol/min/mg 
for the high- and low", forms, respectively. 
Second Gel Filtration Chromatography-For some experiments,  a 
second gel filtration chromatography step on Sephacryl S-300 under 
the  same conditions described above was performed for both AdoMet 
synthetase forms. Blue dextran  (M, 2,000,000), apoferritin (443,000), 
@-amylase (200,000), alcohol dehydrogenase (150,000), and carbonic 
anhydrase (29,000) were used as standards for the M, determinations. 
AdoMet synthetase activities and absorption at  280 nm were meas- 
ured, and active fractions from the high- and low", forms were 
pooled. 
Methionine and ATP Kinetics of AdoMet Synthetase Form- 
AdoMet synthetase samples of the high- and low", forms were taken 
after  different  purification steps (first  Sephacryl S-300, thiopropyl- 
Sepharose 6B, and second Sephacryl S-300) to perform kinetic ex- 
periments. AdoMet synthetase activities were then measured as de- 
scribed previously using reaction  mixtures  containing  different me- 
thionine or ATP concentrations. Methionine kinetics were deter- 
mined from 1 p~ to 10 mM at 5 mM ATP, whereas ATP kinetics 
were determined from 10 p~ to 10 mM at 5 mM methionine. 
Effect of Different GSSG and  GSH Concentrations on High- and 
Low", AdoMet Synthetase Actiuities-High- and low", AdoMet 
synthetases after the first and second Sephacryl S-300  chromatogra- 
phy steps were used to establish the effect of various GSSG or  GSH 
concentrations on enzyme activity; 1, 2.5, 5, 10, 20, and 30 mM 
concentrations of either GSH or GSSG were used in the assay in a 
final volume of 300 pl, and  the activities were measured as described 
previously for 30 min at  37 "C. 
Effect of Different GSHIGSSG Ratios on  High- and Low-M,AdoMet 
Synthetase Actiuities-The effect of GSH/GSSG  ratios  on AdoMet 
synthetase activities (high- and low", forms) was studied using 
samples of both enzyme forms  after the first and second gel filtration 
steps. The activities were measured as described previously in a final 
volume of 300 11 for 30 min at 37 "C. GSH/GSSG  ratios  ranging from 
0 to 50 were included in the assay at  GSH  concentrations of 0.5,  1, 
2.5, 5, 10, 20, and 30  mM. In the cases where total glutathione 
concentrations were fixed to 10 and 5 mM, the same GSH/GSSG 
ratios were used. 
Gel Electrophoresis of High- and Low", AdoMet Synthetases-A 
sample from each pool (high- and low", forms after thiopropyl- 
Sepharose  6B  chromatography) was boiled for 2 min in the presence 
of 2% SDS  and 1 M (3-mercaptoethanol and  then loaded on an SDS- 
10% polyacrylamide gel, and electrophoresis was performed as de- 
scribed by Laemmli (19). The gels were stained using Coomassie Blue 
Protein Concentration Determinations-Protein concentration of 
the samples was measured by the method of Bradford (20) using the 
Bio-Rad  protein assay kit. 
Preparation of f5S/GSSG"["S]GSH was incubated for 1 h at  
room temperature with an equimolar amount of hydrogen peroxide. 
This mixture was later subjected to  air oxidation overnight to elimi- 
nate hydrogen peroxide. To ensure that complete oxidation was 
achieved, an aliquot of the sample was taken,  and glutathione (GSH 
and GSSG)  concentration was determined by HPLC.  The sample was 
loaded on a reverse-phase C, column (250 X 4.6 mm, 5-pm particle 
diameter) equilibrated in 0.1% trifluoroacetic acid in water. Chro- 
matography was carried  out at  1 ml/min, and  after a  5-min washing 
period, elution was performed with a 30-min gradient from the 
equilibration  solution to  1% of the following buffer: 0.1% trifluoroa- 
cetic acid in 70% acetonitrile. Fractions (1 ml) were collected, and 
the radioactivity was measured in the presence of 5 ml  of scintillation 
fluid. 
GSH Concentration Determination-GSH was determined by the 
method of Hissin and Hill (21). A sample of the column eluent or of 




Results of a  typical  purification of AdoMet synthetase  are shown below. 15 rat livers were used in the enzyme purification, and  the activity 
was measured  immediately after elution after each step  as described under  "Experimental Procedures." Specific activities were calculated 
using  both our reaction  mixture  containing  5 mM methionine (a)  and  the mixture of Cabrero et al. (18)  containing 60 p~ methionine ( b ) .  
Chromatography step Volume Protein Specific activity (a )  Purification Total activity Yield Specific activity ( b )  
ml mdml nmol/min/mg -fold nmollmin % nmol/min/mg 
High", AdoMet synthetase 
1st Sephacryl  S-300 72 0.095 26.27  457.68 
Thiopropyl-Sepharose  6B 
179.6 
34  0.095  39.21 
1.98 3.57 
2nd Sephacryl S-300 
683.09 
33 




Low", AdoMet synthetase 
230.97  40.2  0.44  3.37 
1st Sephacryl S-300 80 0.152  85.72 






2nd  Sephacryl S-300 56 
1772.9 617.2 6.81 
0.1 
0.58 
21.27  386.39  119.09  1.32 0.28 
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phosphate  buffer,  0.005 M EDTA (pH 8) before  reaction.  The  final 
assay mixture (2 ml) contained 100 pl of the diluted sample, 1.8 ml 
of phosphate/EDTA buffer, and 100 pl of o-phthaldialdehyde (100 
pg). After mixing and incubation at room temperature for 15 min, 
the solution was transferred to a quartz cuvette, and fluorescence at 
420 nm was determined  with  excitation at 350 nm. 
Incorporation of [35SlGSH or P'SIGSSG in  AdoMet Synthetases- 
Samples of both AdoMet synthetase forms (100 pg) were  incubated 
in the presence of 20 mM [%]GSH  (0.3 Ci/mol) or 20 mM [35S]GSSG 
(0.3 Ci/mol) for 10 min in a final reaction volume of 250 pl. After 
this incubation, 100-pl samples were taken and  precipitated with 10% 
trichloroacetic acid, whereas the rest of the mixture was used to 
determine the activity of AdoMet synthetases as described above. 
The  trichloroacetic  acid-precipitated samples were placed on ice for 
10 min and later microcentrifuged for 3 min at 12,500 rpm. The 
supernatant was discarded, and the pellets were  washed  twice  with 
10% trichloroacetic acid. The pellets were  resuspended in 500 pl of 
0.5 N NaOH and boiled  briefly  before  determination of the radioac- 
tivity incorporated into AdoMet synthetases in the presence of 5 ml 
of scintillation  fluid.  Blanks  including  only the [35S]GSH or the 
GSSG  mixtures  were  carried out in parallel. All the  experiments were 
made in triplicate. 
Effect of GSSG on  AdoMet Synthetase M,-3 mg of either  high- or 
low", AdoMet synthetase were  incubated in the presence of 20 mM 
GSSG for 10 min at room temperature, conditions under which 
inhibition of enzyme activity was obtained for both  AdoMet synthe- 
tase forms. After incubation,  samples were  loaded onto gel filtration 
columns (90 X 1.5 cm) of Sephacryl S-300 and  eluted as previously 
described.  Fractions (2 ml) were  collected, and the AdoMet synthetase 
activity and absorption at 280 nm were measured. 
RESULTS 
The effect of glutathione (reduced and oxidized forms)  and 
glutathione redox buffers on AdoMet synthetase activities 
was studied.  For  this  purpose,  samples of high- and low", 
forms were taken  after  the  first gel filtration  chromatography 
step.  This effect was also  tested  on  samples  obtained  after 
thiopropyl-Sepharose 6B chromatography  (for  further  details 
on  the  purification procedure, see "Experimental  Proce- 
dures"), but  since  elution was carried  out  in  the presence of 
GSH, a second gel filtration  chromatography  step was nec- 
essary before  using these  samples. As can be observed in Fig. 
1, the  presence of GSSG produced an  inhibition of high-  and 
low", AdoMet synthetase activities in both gel filtration 
steps.  In  either case, the  inhibition was  higher  when protein 
samples were obtained  after  the  first  Sephacryl S-300 chro- 
matography  step,  prior  to  any  binding  to sulfhydryl  groups. 
This inhibition was 45 and 85% for the high- and low", 
forms,  respectively, and 30 and 60% when the  samples used 
were taken  after  the second gel filtration  step (Fig. 1). Com- 
paring  the  results  from  both enzyme  forms, it  can be  deduced 
that  this  inhibitory effect is  stronger  on  the dimeric  form. 
The  calculated Kt values  for the  high-  and low", AdoMet 
synthetases were 2.14 and 4.03 mM after  the first Sephacryl 
S-300 chromatography  step, respectively,  whereas these val- 
ues were 980 p~ and 4.72 mM after  the second gel filtration 
chromatography step. The  data  indicate a  reduction of the K, 
value for the high-Mr form due to GSSG inhibition after 
covalent  chromatography, whereas no significant variation  in 
this  parameter  is observed  for the low", AdoMet synthetase. 
When  the effect of GSH  on AdoMet synthetase  activities 
was tested,  no  variation was  observed (data  not  shown),  but 
modulation of the  GSSG  inhibition  can be obtained  in  the 
presence of GSH (Fig. 2). As can be  observed, the 85% 
inhibition produced  by 10 mM GSSG  in  the low", form was 
protected by the  presence of GSH at a GSH/GSSG  ratio of 
10:1 (Fig. 2 4 ) .  A similar protective effect was observed for 
the  high-Mr  form, where the 45% inhibition produced by 10 
mM GSSG was modulated  in  the presence of GSH  at a GSH/ 
GSSG  ratio of 1O: l  (Fig. 2B) .  The  same effect was observed 
using  the  samples  taken  after  thiopropyl-Sepharose 6B chro- 
lii: 70 8  
0B 5 10 15 20 25 30 
GSSG CONCENTRATION (mM) 
FIG. 1. Effect of GSSG on high- and low-M, AdoMet syn- 
thetases. The activities of both AdoMet synthetase forms were 
measured in the presence of GSSG after elution from the first and 
second gel filtration chromatography steps. Shown is the effect on 
the activities of the high-Mp (A) and low", ( B )  AdoMet synthetases. 
Curves a and 6 represent inhibition of samples after the first and 
second  Sephacryl  S-300  chromatography  steps, respectively. Results 
are shown of a typical experiment done in triplicate. 
matography  and  the second Sephacryl S-300 chromatography 
step for the high-Mr  form (Fig. 2 0 )  and  the low", AdoMet 
synthetase (Fig. 2C). 
At  a total  glutathione  (GSH + GSSG)  concentration of 10 
mM, KO, values of 1.74 and 0.95 were calculated  for the high- 
M, form  after  the  first  and second Sephacryl s-300 chroma- 
tography  steps, respectively (Fig. 3). For  the low", form, KO, 
values of 2.85 and 2.06 were calculated after  both gel filtration 
steps. At a 5 mM total glutathione concentration, the KO, 
values  calculated for both species did not vary  significantly 
(Fig. 3). Comparing the oxidation constant values for both 
AdoMet synthetases, it can be  deduced that  the low", form 
seems to be more sensitive to changes in the GSH/GSSG 
ratio  and  therefore  it could be more easily oxidized. 
The possible formation of mixed disulfides was studied by 
testing the incorporation of [35S]glutathione (reduced and 
oxidized forms)  in AdoMet synthetases. No significant incor- 
poration of either [3sSS]GSH or ["S]GSSG was observed in 
either the high- or low", AdoMet synthetase (Table 11). 
Even when in  the presence of ["SIGSSG significant  inhibi- 
tion of the enzyme  activity could be observed, this result  did 
not  correlate with  labeling of the enzyme. Therefore,  it  can 
be deduced that  the ffect  caused by 20 mM GSSG  on AdoMet 
synthetase activity is not due to the formation of a mixed 
disulfide  between the enzyme and  this  glutathione form. On 
the  other  hand,  the  oxidation of the enzyme would produce 
an  internal disulfide, either  intra- or intersubunit,  that might 
be responsible for the inhibition caused in both AdoMet 
synthetase forms. 
The effect of GSSG  on  the AdoMet synthetase oligomeric 
state was also tested. For this purpose, high- and low", 
AdoMet synthetases were incubated  in  the presence of 20 mM 
GSSG  and loaded onto a gel filtration column to  establish if 
the inhibitory effect is accompanied by dissociation of the 
enzymes (Fig. 4). When  both AdoMet synthetase  forms were 
incubated  under  these  conditions,  inhibition of the enzyme 
activity was produced, and  analysis of these  samples by gel 
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FIG. 2. Variation of AdoMet synthetase  activities  in  presence of different GSH/GSSG ratios. Samples of the high- and low-M, 
AdoMet synthetases  after  the first and second gel filtration steps were used to study the variations in the activities due to the presence of 
different GSH/GSSG ratios. Experiments were carried out at  the indicated GSH concentrations. The percent of activity was calculated 
taking  the enzyme activity in  the absence of glutathione as loo%, and  the percent of activity corresponding to 0 ratio was taken  as  the origin 
to show only the oscillations in activity.  Shown are variations in activity of the low-M, AdoMet synthetase  after  the first  Sephacryl S-300 
step ( A ) ,  the high", form after  the first gel filtration  chromatography step ( B ) ,  the low-M, AdoMet synthetase  after  the second Sephacryl 
S-300 step ( C ) ,  and  the high-Mr AdoMet synthetase  after  the second Sephacryl S-300 step (D). Results are shown of a typical experiment 
done in triplicate. 
40 - c 
2 % -  
0 2 0 -  a 1 0 .  
$ 0  
I- 







0 10 m 30 40 x1 
GSH I GSSG 
FIG. 3. Activities of high- and low". AdoMet synthetases 
a t  total  glutathione  concentrations of 10 and 5 mM. The activi- 
ties of the high", ( A )  and low-M, ( B )  AdoMet synthetases in the 
presence of different GSH/GSSG ratios were measured at  total 
glutathione concentrations of 10 (curve  a) and 5 (curue  b) mM using 
samples of the enzymes after  the first  Sephacryl S-300 chromatog- 
raphy step. The percent of activity was calculated taking  the enzyme 
activity in the absence of glutathione as 100%. Shown are  the results 
of a  typical  experiment  done in triplicate. 
filtration  chromatography showed a displacement in the  elu- 
tion volume for both the high- and low", forms (Fig. 4). 
From  this new elution  position,  an  estimated M, of 50,000 
was  calculated. This value is  similar  to  the  one expected  for 
a monomeric form of the enzyme. Therefore, the internal 
disulfide formed by incubation in the presence of GSSG 
should be intrasubunit.  Based  on  these  data,  the GSSG effect 
TABLE I1
Incorporation of [J'SIGSH or p5SlGSSG in AdoMet  synthetases 
High- and low-M, AdoMet synthetases were incubated in the 
presence of 20 mM GSH  or 20 mM GSSG for 10 min. Samples (100 
p1) were taken  to measure the 35S incorporated into proteins, and  the 
remaining 150 pl were used to measure AdoMet synthetase activity. 
The results show a typical experiment  done in triplicate. 
No. of 35S groups Remaining 
incorporated/subunit  activity 
prnollrninlrng 
Low-M, AdoMet synthetase 
+GSH 5.73 x lo+ 1786.94 
+GSSG 9.73 X 10-~ 28.06 
Control 1805.4 




High", AdoMet synthetase 
1.95 x 10-~ 52.46 
on the AdoMet synthetase forms can be expressed as in 
Scheme 1. 
Possible changes  in AdoMet synthetase behavior due to  the 
oxidation/reduction of sulfhydryl  groups during purification 
were also tested.  Therefore, samples of both AdoMet synthe- 
tase forms before and after thiopropyl-Sepharose 6B chro- 
matography were studied. Samples of the high- and low-M, 
forms after this covalent chromatography step were loaded 
on a SDS-10% polyacrylamide electrophoresis gel under re- 
ducing conditions.  In each case, only one protein  band was 
stained, with estimated M, values of 43,100 for the high-Mr 
form and 47,000 for the low", AdoMet synthetase (Fig. 5). 
Modifications in  the  total molecular  weights of both AdoMet 
synthetases due to  variations  in  the  subunit molecular weights 
or to possible dissociation by a change in the oxidation/ 
reduction state of the sulfhydryl  groups  used as binding sites 
were further  tested by gel filtration chromatography. There- 
fore, following elution from thiopropyl-Sepharose 6B, high- 
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and low", forms were again loaded onto Sephacryl S-300 
columns.  The molecular  weights of both AdoMet synthetase 
forms were estimated  and  compared  with  the previous results 
during our purification procedure and in Ref. 18. In both 
cases, no molecular weight modification  was detected,  and  the 
values calculated were -200,000 for the  tetramer  and 110,000 
for  the  dimer (Fig. 6). 
The use of thiopropyl-Sepharose 6B chromatography was 
chosen  to  eliminate  minor  contaminants  present  in  the 
AdoMet synthetases prepared following the method of Ca- 
brero et ul. (18). The inclusion of this  step  in  the purification 
procedure provides AdoMet synthetase (high- and low", 
forms) with a higher specific activity (Table I). It was also 
observed that  elution  from  this  type of column can be obtained 
using (3-mercaptoethanol, dithiothreitol, cysteine, or GSH, 
but only in  the  last two cases was an active  form of AdoMet 
synthetase  obtained  (Table 111). In  fact,  the  best recoveries of 
active high-  and low", AdoMet synthetases were obtained 
when a GSH  elution  gradient for this  type of covalent  chro- 
matography was used. Elution was performed from 0 to 200 
mM GSH,  and  the active fractions were eluted at  -40 mM 
A I 
B P F 9  B 1 0.2 
X I  
01 5 5 
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FIG. 4. Sephacryl S-300 chromatography of  high- and low- 
M, AdoMet synthetases after inhibition with GSSG.  Both 
AdoMet synthetases were incubated for 10 min in the presence of 20 
mM GSSG. Samples of these incubation  mixtures were checked for 
AdoMet synthetase activity, and  the rest were loaded on Sephacryl 
S-300 columns (90 X 1.5 cm) equilibrated in buffer A plus 50 mM 
KCl. Fractions (2 ml) were collected and  tested for their ability to 
produce AdoMet. 0, activity measured 0, absorption at 280 nm. A 
shows the elution profile for the high", form, and B for the low-M, 
AdoMet synthetase.  The elution positions of the molecular weight 
standards are indicated a, blue dextran (2,000,000); b, apoferritin 
(443,000); c, P-amylase (200,000); d, alcohol dehydrogenase (150,000); 
e,  carbonic  anhydrase (29,000). 
GSH for both of the AdoMet synthetase  forms (Fig. 7). 
Methionine  and  ATP kinetic experiments were carried  out 
with high- and low", enzyme samples from the first and 
second gel filtration  steps  and  thiopropyl-Sepharose 6B chro- 
matography to establish if any alterations in the kinetic 
behavior of the enzymes had taken place using sulfhydryl 
groups as  the  binding  sites for  covalent  chromatography. No 
significant variation  in  the  parameters for the low", form 
(Km(ATP) = 1 mM and &Met) = 700 pM)  was observed after 
the  three  chromatography  steps  (Table IV). 
High", AdoMet synthetase  samples from the  same  three 
purification steps were taken, and the kinetic parameters 
obtained were also compared. No significant variations in 
KmtATP, were observed  in  all  cases  (calculated  value of -300 
p ~ )  (Table  IV). On the  other  hand,  important modifications 
in  the &Met) values and  in  the curve shape were obtained 
before and after thiopropyl-Sepharose 6B chromatography. 
The  first gel filtration  samples  presented sigmoidal kinetics 
for methionine, which could be divided into two components: 
the  main  one with  a  calculated &(Met)  of 970 p M  and a second 
one of 36.5 p ~ .  Thiopropyl-Sepharose 6B samples approached 
hyperbolic kinetics with a calculated K m ( M e t )  of 124.6 p t ~  
(Table IV). This  represents  an &fold  reduction in  the 
for  the  main  component  and  therefore  an i crease  in  affinity 
for the  substrate,  thus  approaching  the values for the minor 
component.  The second gel filtration  step  eliminates  the  GSH 
excess after covalent chromatography,  and  the kinetic  behav- 
ior of the samples in the absence of a reducing agent  after 
this step restored its original Km(MeL1 values and the two 
sigmoidal curve components.  This behavior  seems to indicate 
the presence of two forms of the  tetramer depending on  the 
oxidation state of its sulfhydryl groups, especially the  ones 
involved in  binding  to  thiopropyl-Sepharose 6B. 
DISCUSSION 
The role of GSH in protecting sulfhydryl groups from 
oxidation  has been known for a long time (4), and  such  an 
effect has been  proposed for this  tripeptide on AdoMet syn- 
thetase (11). A  reduction  in GSH levels caused by the  admin- 
istration of buthionine sulfoximine has been reported  to be 
associated  with  a  reduction of AdoMet synthetase activity. In 
fact, a 60% reduction in  this enzyme activity was shown under 
these conditions, an effect that was prevented by addition of 
glutathione monoethyl ester (11). All these  data  prompted  us 
to  study  the in vitro effect of glutathione (oxidized and reduced 
forms)  on  rat liver  purified AdoMet synthetases, 
When high- and low", AdoMet synthetases were incu- 
bated  in  the presence of GSSG, inhibition of both enzyme 
forms was observed. This effect was stronger  on  the low", 
form,  probably due  to  an easier access of GSSG to sulfhydryl 
groups important for the activity; and therefore, a higher 
oxidation would be obtained in the  dimer.  On  the  other  hand, 
the calculated K, values were 2.14 mM for the high", form 
A 
HS 
HS g: + 2 GSSG - 2  s + 4 GSH S 
SCHEME 1. Reaction of AdoMet 
synthetase (tetrameric and dimeric 
forms) with GSSG. Equation A shows 
the reaction of GSSG with the dimeric 
form of the enzyme, whereas Equntion B 
represents the reaction of the  tetramer. HS HS 
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FIG. 5. SDS-polyacrylamide gel electrophoresis of high- 
and low-M, AdoMet synthetases. Samples of both AdoMet syn- 
thetases after elution from thiopropyl-Sepharose 6B columns were 
loaded on SDS-10% polyacrylamide  gels under reducing conditions. 
Lane A ,  high", sample; lane R,  low-M, AdoMet synthetase. The 
molecular  weights of the  bands were calculated using phosphorylase 
b (97,400), bovine serum  albumin (66,200), ovalbumin (45,000), soy- 
bean  trypsin  inhibitor (21,500), and lysozyme (14,000) as  standards. 
FRACTION NUMBER 
FIG. 6. Gel filtration chromatography  of high- and  low-M, 
AdoMet synthetases. Typical  activity profiles of the high", ( A  ) 
and low-M, ( B )  AdoMet synthetases after the first and second gel 
filtration chromatography steps on Sephacryl S-300 columns are 
shown. The elution  points of the  standards used for the molecular 
weight calculations  are  indicated  as follows: a, blue  dextran 
(2,000,000); b, apoferritin (443,000); c, &amylase (200,000); d, alcohol 
dehydrogenase (150,000); e,  carbonic anhydrase (29,000). 0, first 
Sephacryl S-300 profiles; 0, second gel filtration profiles. 
and 4.03 mM for the low", AdoMet synthetase,  indicating a 
higher  susceptibility of the  tetramer  to  inhibition by GSSG. 
This K; value  for the  high-Mr  form was  reduced to 980 p~ 
after  covalent  chromatography  on  thiopropyl-Sepharose 6B, 
where  exposed  sulfhydryl  groups were used as  binding  sites 
and where elution  in  the  presence of GSH would render  the 
protein in its reduced state. Inhibition by GSSG has been 
reported in othef enzymes, such  as  phosphofructokinase (14), 
fatty-acid  synthetase (22), and glycogen phosphorylase (23) 
among others, that have been described as susceptible to 
regulation by thiol/disulfide  exchange. 
There was no effect of GSH  on AdoMet synthetase  activity 
in  either of its forms, but  modulation of GSSG  inhibition in 
its presence was observed. Experiments  carried  out with glu- 
tathione redox buffers show that  modulation of the  GSSG 
TABLE I11 
AdoMet  synthetase  activity recovered after 
thiopropyl-Sepharose 6R column 
5 mg of high- and low-M, AdoMet synthetases were loaded onto 
thiopropyl-Sepharose 6B columns as described under  "Experimental 
Procedures." After  a  washing step, elution of the enzymes was carried 
out with a gradient including one of the reducing agents  mentioned 
below. The  concentrations of the reducing agents a t  which enzyme 
elution was achieved are shown below. The  total AdoMet synthetase 
activity loaded in each case was calculated in addition to  the  total 
activity recovered from the column. Data  are shown as  percent of the 
total activitv. 
AdoMet 
synthetase  activity 
High", Low", 
% 5% 
AdoMet synthetase loaded 100  100 
1% P-mercaptoethanol 1.57 
25 mM cysteine 17.79 18 
100 mM dithiothreitol 1.8 
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FIG. 7. Thiopropyl-Sepharose 6B chromatography of 
AdoMet synthetases. High- and low-M, AdoMet synthetases were 
loaded on  thiopropyl-Sepharose 6B columns, and  the chromatography 
steps were carried out  as described under "Experimental Procedures." 
The  glutathione  gradient developed for the elution is shown for both 
enzyme  forms.  Shown are  the activity profiles of the high", ( A )  and 
low-M, (R) forms during  this chromatography. 
effect  was observed when GSH/GSSG  ratios  in  the  range of 
0-50 were used, with the effect being completely overcome 
when this  ratio was >lo. A possible regulatory  mechanism by 
reversible  oxidoreduction of sulfhydryl  groups could explain 
this effect and  has been proposed for several other reactions 
(24), where the concentration of protein disulfides varies 
according to  the thiol/disulfide redox potential.  Thiol/disul- 
fide exchange  between protein sulfhydryl  groups and biolog- 
ically occurring disulfides can produce mixed disulfides or 
intra-  or intermolecular  disulfides (25).  In  our case, it is known 
that  the modification of sulfhydryl  groups with N-ethylmal- 
eimide  leads to  inhibition of enzyme activity  in either of its 
forms (9, 10); therefore, modification of these groups by 
formation of a mixed disulfide  with glutathione could explain 
the effect of GSSG on  the enzyme activity, even when protein 
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disulfides cannot be excluded. To  clarify this  point,  the  incor- 
poration of ["S]GSSG has beeR studied. If a mixed disulfide 
is  formed,  inhibition of enzyme activity  should  correlate with 
the labeling of the protein. The results indicate that no 
incorporation of labeling happened at the  same  time  as  the 
reduction  in enzyme activity,  data  that were the  same for the 
high-  and low-M, forms. Therefore,  the presence of a mixed 
disulfide responsible for this effect on AdoMet synthetase 
activity  can be  excluded,  suggesting that  the  formation of an 
internal disulfide, either intra- or intersubunit, would be 
responsible for  the effect  described. There  are  examples of a 
similar effect due  to  the  formation of intramolecular disul- 
fides. Among others,  this  has  been proposed  for chicken liver 
fatty-acid synthetase (26). Based on these data, the GSSG 
effect  could  be expressed as in  Scheme 2 for the  dimer  and  in 
an  analogous way for  the  tetramer form. 
When  the effect of GSSG  on  the AdoMet synthetase was 
checked by gel filtration chromatography, it was observed 
that dissociation of both  tetrameric  and dimeric forms  to a 
monomer accompanies inhibition of enzyme activity.  There- 
fore, no  intersubunit disulfides can be made because, in  that 
case, forms  larger  than a monomer  should be expected. The 
explanation for our  data will be established by Equation A 
(Scheme 2), where an intramolecular disulfide is formed 
due to GSSG. The equilibrium constant for this reaction 
will be expressed  as  the following for  the  dimeric  and 
tetrameric  forms, respectively: KO, = ( [A~OM~~, , ]*[GSH]~) /  
([AdoMet,,d]* [GSSG]') and KO, = ( [A~OM~~, , ]* [GSH]~) /  
( [AdoMetredl4  [GSSGI4), where AdoMet,, represents  the  en- 
zyme subunit  with  an  intrasubunit disulfide and AdoMetred 
represents  the enzyme subunit  in  its reduced  form  with the 
sulfhydryl groups. 
This constant can be calculated from our results with 
glutathione redox buffers, and  the values obtained are 1.74 
and 2.85 for the  high-  and low", forms,  respectively. It would 
be expected  that  these  values would be in  the  intracellular 
thiol/disulfide  ratio  range, which varies between  10 and 300 
TABLE IV 
K ,  values  for A T P  and  methionine in different  purification  steps  for 
high- and low", AdoMet  synthetases 
160 ~1 of high- and low", AdoMet synthetases  after each chro- 
matography step were used for the kinetic experiments. The data 
shown below are the average of three different  experiments done in 
triplicate plus the  standard deviation. 
Chromatoerauhv steu 
Hiah-M, AdoMet svnthetase 
?st Sephacryl S-300 970 ' 30  298.3 & 55 36.5 & 0.71 
ThioDroDvl-SeDharose 6B 124.6 & 42  251.6 & 43.4 
2nd Sephacryl-S-300 567'36 ' lo3 211.32 f 10.24 18.8 k 1.01 
Low", AdoMet synthetase 
1st  Sephacryl S-300 700 +- 35.36 934.5 k 135.06 
Thiopropyl-Sepharose 6B 650 f 81.32 950 f 35.4 
2nd Sephacryl S-300 774 * 31 1000 * 0.1 
(27). According to  these  data,  our values are outside the range 
of possible regulation by oxidoreduction  reactions. Other  en- 
zymes such as phosphofructokinase (28) and 3-hydroxy-3- 
methylglutaryl-coenzyme A reductase (29) also show high 
values  for this  constant.  On  the  other  hand, in  vivo experi- 
ments using buthionine sulfoximine have demonstrated  that 
a 30% reduction in GSH levels in rat liver induces a 60% 
decrease in AdoMet synthetase activity (ll), suggesting this 
possible regulatory  mechanism. It could also be expected that 
the values obtained with the purified protein  are  not exactly 
the  same  that occur i n  vivo since the long  purification  proce- 
dure gives enough time for irreversible processes that may 
involve oxidation of the  protein.  The relevance of the  GSH/ 
GSSG  ratio  in  the regulation of AdoMet synthetase  activity 
cannot be established  without knowing the  exact values for 
this  ratio in uioo, which in  turn  can be altered  under severe 
oxidative stress and may also depend on the glutathione 
compartmentalization  in  the cell. 
The  importance of sulfhydryl  groups for catalysis  has been 
determined,  and  it is known that  their modification  leads to 
a reduction in the activity of several enzymes, including 
acetyl-coA hydrolase (30) and AdoMet synthetase  (9,lO)  and 
mammalian I,(A) channels  (17).  Therefore,  and since the use 
of covalent chromatography with thiopropyl-Sepharose 6B 
involves the use of these groups as  binding  sites,  the behavior 
of AdoMet synthetase  (high-  and low-M, forms) was investi- 
gated. The inclusion of this  step  renders  an enzyme free of 
some contaminants, observed following the procedure of Ca- 
brero et al. (18),  that especially affect the tetrameric form. 
Therefore,  the enzyme  used has a  higher specific activity than 
the one prepared in Ref. 18. Several reducing agents were 
used to  elute  the enzymes in an active form. Among them, 
GSH was able to  elute  the highest amount of active  enzyme, 
as was the case for the  elution of enzymes such  as two distinct 
thiol-disulfide  oxidoreductases (31) when this  type of column 
was used. With  this modified purification method, we were 
able to obtain high- and low", AdoMet synthetases that 
present only one protein band on SDS-polyacrylamide gel 
electrophoresis. The high", form shows, under  these condi- 
tions, a band  with a  calculated M ,  of 43,100, a result  that was 
also obtained  after  its  elution from thiopropyl-Sepharose  6B 
columns using  cysteine (32).  This molecular weight value is 
similar to  that  obtained for the cloned enzyme, which was 
established as 43,697 (32, 33). On the other hand, low", 
AdoMet synthetase shows a band with a calculated M ,  of 
47,000, as described previously (18). Therefore,  after covalent 
chromatography,  the high", form presents a subunit molec- 
ular weight that differs  from the M ,  48,500 value calculated 
previously (18, 34). Differences shown between the  subunit 
molecular weights obtained for the tetrameric and dimeric 
forms could be explained by covalent post-translational mod- 
ifications, which can  account for variations  in mobility on gel 
electrophoresis,  whereas  differences  between subunit molec- 
ular weights of the  high-Mr form can only  be  explained by an 
effect on  protein  structure  that allows its complete denatur- 
A 
SCHEME 2. Disulfide formation in 
AdoMet synthetase dimeric form in 
presence of GSSG. Equation  A shows 
the formation of an  intrasubunit disul- 
fide by oxidation of sulfhydryl groups in 
the Dresence of GSSG. Eouation B shows 
HS 
HS 
SH 2 GSSG - 2 
SH + 
s + 4 GSH 
S 
theformation of an  intersubunit disul- B 
fide by this reaction. + 2 GSSG + 4 GSH 
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ation  and  therefore a change  in mobility. 
At the same time, no differences in the total molecular 
weights of the high", (200,000) and low-M, (110,000) forms 
can be observed due  to  the use of thiopropyl-Sepharose 6B 
columns, a result  that shows no  alteration  in  the  quaternary 
structure of the isoenzymes, but  that  is accompanied by a 
reduction  in enzyme activity  that  can be  explained by oxida- 
tion of the  enzyme  during  this gel filtration  chromatography 
step  that  eliminates  the reducing agent from the  preparation. 
The  kinetic  behavior of AdoMet synthetase  has been stud- 
ied  by  several laboratories (18, 35-39). Descriptions of devia- 
tions  from  Michaelis-Menten  kinetics  to sigmoidal plots  and 
upward curves for the double-reciprocal plots for methionine 
have been reported (18, 36, 38-40). Variations  in  the  kinetic 
properties  due to malignant evolution (41) or  to  the presence 
of 10% dimethyl sulfoxide (36,38) have been  also  shown. This 
type of behavior has been  described as  typical of many regu- 
latory  enzymes (42). As for the enzyme eluted from thiopro- 
pyl-Sepharose 6B in  the  presence of GSH, a change  to  hyper- 
bolic curves similar to those described in the presence of 
dimethyl sulfoxide (36, 38) has been observed. This  change 
was explained  as  due  to a common structural  phenomenon 
between dimethyl sulfoxide and  methionine,  the presence of 
a methyl group attached  to a sulfur  atom.  The GSH structure 
has  no  such  methyl group and,  as  has been shown, does not 
bind to AdoMet synthetase  in  either of its forms. Therefore, 
the  dramatic  reduction  in  the &(Met) for the  high-Mr AdoMet 
synthetase observed after  elution  from  thiopropyl-Sepharose 
6B must be due to the change produced in the oxidation/ 
reduction  state of the  sulfhydryl groups implicated  in  binding 
to  the column. This would also  explain  the presence of two 
values for  the high"* form  prior  to  this chromatog- 
raphy  step  since  the  presence of the enzyme in two different 
oxidation/reduction states could provide these values. The 
recovery of the original values and curve shape after the 
elimination of GSH would then be due  to  oxidation of the 
enzyme as the reducing agent is excluded on gel filtration 
chromatography.  The effect on &(Met) is  important  since  its 
reduction  to values of -120 ~ L M  places it close to  the  estimated 
L-methionine levels in the liver (50-120 p ~ )  (43, 44) and 
therefore  facilitates AdoMet production. 
Different  treatments affecting  AdoMet synthetase sulfhy- 
dryl  groups  lead to  the  appearance of several  enzyme forms: 
(a) N-ethylmaleimide modification renders a  dimeric  form of 
the enzyme (9); ( b )  binding  to  thiopropyl-Sepharose 6B col- 
umns  changes  the for the  tetramer  without affecting 
this  parameter  in  the dimeric  form: ( c )  this  chromatography 
step does not produce any  changes  in molecular  weight; and 
( d )  the GSSG inhibitory effect correlates with the  formation 
of the monomeric form of the enzyme. Therefore,  it could be 
assumed  that  different  sulfhydryl groups, of the 10 present  in 
the  enzyme sequence (32,  33), are responsible  for each  one of 
the effects  above  described. 
As a final conclusion, we have  demonstrated regulation of 
AdoMet synthetase  activity by the GSH/GSSG ratio  and  that 
the oxidoreduction state of its sulfhydryl groups would not 
only  influence the values of the enzyme but also its 
aggregation state, regulating the equilibrium  between  differ- 
ent enzyme  forms. 
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